The sword razor shell Ensis siliqua (Linnaeus, 1758) is a bivalve with a high commercial value being appreciated in fresh and processed markets. However, the genetic studies carried out in populations of E. siliqua are scarce. In this work, the genetic variability and diVerentiation of the sword razor shell was assessed using PCRRFLPs of a fragment of the 16S rRNA mitochondrial gene and random ampliWed polymorphic loci (RAPD) in nine localities from Ireland, Spain, and Portugal. In the 314 individuals examined for the mitochondrial fragment, 12 composite haplotypes were observed; meanwhile, a unique phenotype was observed for each of the 242 individuals analyzed with 61 RAPD loci. Two of the mitochondrial composite haplotypes accounted for the majority of individuals (89.81%) and showed a remarkably disjoint distribution between Irish and Iberian samples, with the exception of Aveiro which exhibited as the most frequent haplotype the same found in Ireland. The level of variability observed for each sample was generally correlated with both types of markers and the results obtained suggest the existence of a strong population diVerentiation between Irish and Iberian localities, except for the Portuguese sample from Aveiro which is surprisingly closer to Irish individuals, although it is probably highly diVerentiated.
Introduction
The existence in many marine organisms with high dispersal potential, at least in part of its life cycle, together with the absence of clear barriers to dispersion over broad geographical ranges, would imply low or absence of genetic diVerentiation. This is the case of some studies carried out with marine bivalves, such as mussels of the genus Mytilus (Skibinski et al. 1983) or clams (Benzie and Williams 1992; Vadopalas et al. 2004) . Nevertheless, there are increasing reports of genetically diVerentiated bivalve populations over large (Beaumont and Zouros 1991; Reeb and Avise 1990) or small (Buroker 1983; Ridgway 2001; Luttikhuizen et al. 2003) scales. The present genetic diVerentiation for each species would be the result of the interaction of historical events, hydrogeographic features and human intervention.
The sword razor shell Ensis siliqua (Linnaeus, 1758) belongs to the family Pharidae and inhabits Wne sand, silt or sandy-mud bottoms at depths between 3 and 12 m, where they form extensive and dense beds (Gaspar et al. 1999 ). This species is found mainly from Norway to the Atlantic coast of the Iberian Peninsula. It is increasingly captured in Europe (mainly Ireland, the United Kingdom, the Netherlands, Spain and Portugal), being a highly appreciated seafood especially in Spain, which imports most of the production. Nevertheless, it is quite diYcult to estimate the real landings of E. siliqua, since the oYcial data do not reXect exactly the extracted amounts, mainly due to illegal catches and to misidentiWcation of diVerent Solenidae species. The FAO statistics evidences the overexploitation status of E. siliqua stocks in diVerent countries, with periods where most production came from a single country, followed by a fall in the catches to minimum values.
Therefore, in order to preserve the natural populations of this species, to promote the rational exploitation of the Wshing resources and to evaluate the possibility of stock enhancement by transplanting individuals from other regions, it is essential to assess the genetic variation and population diVerentiation throughout the geographical range of E. siliqua. Furthermore, since diVerent genetic methodologies used in the same species may depict diVerent genetic structures (Karl and Avise 1992) , it is important to employ several kinds of molecular markers. Among them, RAPDs (Welsh and McClelland 1990 ) allow a fast and convenient way to unravel the genetic diversity in species without a previous knowledge of the genome and have been extensively used to evaluate the population structure in molluscs (e.g. Huang et al. 2000; Holmes et al. 2003; Toro et al. 2004; Casu et al. 2005; Barreiro et al. 2006; Holmes and Miller 2006) . Similarly, the analysis of mitochondrial DNA has been useful in determining the genetic population structure of molluscan species (e.g. Wilding et al. 1997; Heipel et al. 1999; Kong et al. 2003; Luttikhuizen et al. 2003; Nagashima et al. 2005; Mahidol et al. 2007) .
Until now, the only genetic study of sword razor shell populations was carried out by Fernández-Tajes et al. (2007) , employing 61 RAPD loci to examine samples from six collecting sites: one from Ireland, three from Spain and two from Portugal. This work revealed small diVerences between the localities from Spain and Portugal, and higher values between these localities in the Iberian Peninsula and Ireland. Furthermore, evidences of an isolation by distance process were observed. The aim of the present study was to assess the genetic variability and diVerentiation in E. siliqua, increasing the number of localities previously analyzed along the European coast (Fernández-Tajes et al. 2007 ) and employing an additional marker based on the mitochondrial DNA. The information gathered in the present study provides useful insights into the preservation of E. siliqua and for the sustainable management of the Wshing resource.
Materials and methods

Sample collection and DNA extraction
Individuals of E. siliqua of commercial size (12-15 cm) were collected from Ireland, Spain and Portugal, three sites in each country, by dredging or by scuba diving (Fig. 1) . Immediately after collection, the razor clams were brought alive to the laboratory, dissected and preserved in 95% ethanol. DNA was isolated through the method described by Fernández-Tajes et al. (2007) .
PCR-RFLPs of 16S rRNA gene
Part of a mitochondrial gene fragment (16S rRNA) was ampliWed using the universal primers 16Sar and 16Sbr (Palumbi 1996) . PCR was performed in 25 l of a solution containing 1 ng/ l DNA, 10 mM Tris-HCl, 50 mM KCl pH 8.3, 1.5 mM MgCl 2 , 2.5 mM dNTPs, 1 U of Taq DNA polymerase, and 1 M of each primer. The PCR proWle consisted of one initial denaturation cycle of 3 min at 94°C, followed by 35 cycles at 94°C for 20 s, 51°C for 20 s, and 72°C for 45 s. A Wnal extension was carried out at 72°C for 5 min. Five l of each PCR product were electrophoresed through a 1.0% agarose gel to check the ampliWcation. Five l of 16S rRNA PCR product were singly digested with Acs I, Alu I, Cfo I, Dra I, Hae III and Sty I, using the conditions recommended by the manufacturer (Roche). The digests were resolved after electrophoresis on 2.5% agarose gels in 1£ TAE (40 mM Tris-acetate, 1 mM EDTA pH 8.0) and visualized after ethidium bromide staining.
RAPD ampliWcation
The ampliWcation and visualization of 61 RAPD loci obtained with Wve primers were carried out using the methodology described by Fernández-Tajes et al. (2007) . Restriction proWles from mtDNA gene were alphabetically coded, A being the commonest. Each razor clam was assigned a 6-letter code (that of 16S rRNA digested with Acs I, Alu I, Cfo I, Dra I, Hae III and Sty I) to describe its composite haplotype (Table 1 ). In the RAPD analyses, the presence or absence of band for each of the 61 RAPD loci was scored for the samples from Aveiro, Skerries and Tyrella, for the other E. siliqua localities, the data gathered in the previous study by Fernández-Tajes et al. (2007) was used.
Haplotypic data were analyzed using Arlequin version 3.0 (ExcoYer et al. 2005) to estimate frequencies and gene diversity (Nei 1987 ) among samples. The percentage of polymorphic bands (PPB), number of eVective alleles (n e ) and Nei's (1987) gene diversity (h) were obtained with the POPGENE software (Yeh et al. 1997) for RAPD data. In order to test if diVerences in sample size could be responsible for diVerences in the level of genetic diversity, data was bootstrapped. Ten thousand replicates, with a size equal to the minimum number of individuals analyzed for each type of marker (i.e. 19 or 22), were obtained, and the average expected heterozygosity was computed.
Haplotypic genetic diVerentiation was estimated with Arlequin by conventional pairwise F ST computed from haplotype frequencies and an exact test of population diVerentiation (Raymond and Rousset 1995) . The sequential Bonferroni correction (Rice 1989 ) was employed when multiple tests were performed. For RAPD data Nei's (1987) genetic distance, PhiPT (an analogous of F ST Wxation index), a Mantel test and a principal coordinate analysis (PCA) based on a matrix of Euclidean distances were calculated with GENALEX software (Peakall and Smouse 2006) . A discriminant analysis was performed with R software (R Development Core Team 2009) on the resultant factors of RAPD data to assess the reliability with which individuals could be ascribed to their respective localities. An analysis of molecular variation (AMOVA) was also conducted with Arlequin and GENEALEX for haplotypic and RAPD data, respectively, to partition the total variance into variance components distributed among individuals, localities and regions.
The hidden population genetic structure was examined employing a model-based clustering method implemented in STRUCTURE 2.3 (Pritchard et al. 2000) . In order to estimate the number of populations, the distribution of the estimated likelihood of K was examined and the K summary statistic of Evanno et al. (2005) was computed. Similarity among runs was calculated according to Rosenberg et al. (2002) using the R-script Structure-sum (Ehrich et al. 2007 ) with minor modiWcations. The program was run under the admixture and non admixture model, considering correlated and independent allele frequencies and employing or not sampling locations as prior information to assist the clustering, for K values between 1 and 9. For each K value, 10 runs with a 2 £ 10 4 burnin followed by a 2 £ 10 4 steps (diVerent runs lengths ranging 10 4 -10 6 were tested). Furthermore, since Evanno et al. (2005) showed that this K method detects the uppermost level of population structure when several hierarchical levels exist, the analyses were repeated on each of the groups inferred.
Results
In all individuals, one fragment of 510 bp of the 16S rRNA was obtained. After digestion, in some individuals (7.96%) the sum of fragments was higher than the size of the PCR product and these patterns might be attributed to the presence of heteroplasmy in E. siliqua. The fact that they were consistently reproducible allows for their use as genetic markers (González Ittig and Gardenal 2002) . In the 314 individuals examined, 12 composite haplotypes were observed, with four of these being present in only one individual (Table 1) . Gene diversity (Nei 1987) oscillated from zero in the localities with one composite haplotype to 0.484 in Aveiro (mean = 0.158). No composite haplotype was shared among all localities, with H1 and H5 accounting for the majority of individuals (89.81%) and being present in Wve and four samples. It is remarkable that the most frequent haplotype in Aveiro (H5) was the same that in the Irish localities, instead of H1 that was present in geographically nearer sites.
The 242 sword razor shells scored for 61 RAPD loci obtained with Wve primers showed a unique phenotype. The proportion of polymorphic loci observed in these nine collecting sites ranged from 75.41% for Skerries to 98.36% for Fisterra, Barra, and Strangford Lough. The eVective number of alleles per locus, the Shannon Index and the Nei's gene diversity (Table 2 ) were 1.365 to 1.625, 0.358 to 0.535 and 0.228 to 0.361, respectively, with Aveiro, Tyrella and Skerries presenting the lower values.
The mean expected heterozygosity values obtained after bootstrapping were remarkably similar to those obtained with the original data (the maximum discrepancy between values was 0.020 and 0.018 for PCR-RFLPs and RAPDs, respectively, data not shown), suggesting that diVerences in sample sizes could not explain diVerences between methods or localities.
The pairwise F ST values and diVerentiation tests computed from haplotype frequencies showed similar results (Table 3) . After sequential Bonferroni correction 23 and 24 values were signiWcant for F ST values and diVerentiation tests, respectively. Based on these results, the Spanish and Portuguese localities (except Aveiro) formed a homogeneous group. On the other hand, the Irish localities showed signiWcant diVerences, with Strangford Lough diVering from Skerries, but not from Tyrella. Finally, the pairwise F ST value, but not the diVerentiation test, was signiWcant between Aveiro and Strangford Lough.
Nei's genetic distance and PhiPT values for RAPD data (Table 4 ) depicted a similar situation to that observed with mtDNA. The lowest values were observed between Spanish samples and the highest between Irish sampling sites and the remaining localities, except Aveiro that showed a lower genetic distance/PhiPT with Irish populations. The Mantel test revealed a low but signiWcant correlation (R 2 = 0.153, P < 0.050) between genetic and geographic distances. When the locality of Aveiro was removed from the analysis, the coeYcient of determination increased its value to 0.381 and was highly signiWcant (P < 0.001).
Genetic similarities among the 242 E. siliqua individuals for RAPD data were also examined by principal coordinate analysis (PCA). The Wrst three coordinates explained 67.33% of the total variation and the plot of the Wrst two factors supported the previous results, revealing two groupings, one composed by the localities from the Iberian Peninsula (except Aveiro) and another containing the Irish populations together with Aveiro (Fig. 2) . Furthermore, this analysis also pointed to the existence of diVerentiation between Skerries and the rest of Irish localities. The discriminant analysis indicated that 57.44 and 98.76% of individuals could be assigned to their original localities and the two groups previously described, respectively.
Analysis of molecular variance based on the groups inferred from previous analyses (i.e. one group composed by the Iberian samples except Aveiro and other comprising the rest of localities) revealed that 80.39 and 14.08% of the total variance could be attributed to among groups diVerences for mtDNA and RAPDs, respectively (Table 5) . Any attempt to form other groupings resulted in a decrease in the among groups variance.
Results found for RAPDs data using STRUCTURE under diVerent models were congruent and conWrmed the clear genetic diVerentiation observed in the previous analysis. On the contrary, the assignments obtained with mtDNA PCR-RFLPs were roughly symmetric to all populations, suggesting no population structure, except when sampling locations were employed as prior information to assist the clustering. This is not an unexpected result bearing in mind that only one marker was employed. Therefore, to allow the comparison between results obtained with both type of markers the admixture model, recommended as a starting point for most analyses in the STRUCTURE documentation, with correlated allele frequencies and using sampling location as prior information was employed (Fig. 3) . MtDNA PCR-RFLPs and RAPDs showed a high value for Evanno et al's (2005) K at K = 2, the other values being close to zero (Online Resource 1). Similarly, mtDNA PCRRFLPs showed the higher likelihood at this value of K. On the contrary, for RAPDs, the likelihood continued to increase after K = 2, but this value seemed to capture the major structure of the data and runs with higher K producing less consistent results. The average similarity for K = 2 between runs for each type of marker and between markers was higher than 0.97 and 0.80, respectively. According to Rosenberg et al. (2002) , these values correspond to large and moderate similarity coeYcients, respectively. In order to detect lower level structure, as suggested by Evanno (2005), the analysis was repeated within the groups. In each analysis, K was set to vary between 1 and the number of localities in each group. For mtDNA, PCR-RFLPs data results suggested absence of population structure for both groups. Runs for K diVerent from one displayed a very high variance and no individuals were strongly assigned. For the group composed by the Iberian samples except Aveiro, the RAPDs results showed for K = 4 the higher likelihood and the maximum K. Nevertheless, the absence of clear break among the likelihoods of the diVerent K resulted in a very low K, indicating absence of genetic diVerentiation. On the other hand, the maximum value for the estimated likelihood of K was found at K = 4 for the group comprising the Irish localities and Aveiro. Nevertheless, for K values higher than 2, the likelihood showed only a slight increase and K displayed a high peak at K = 2, suggesting the presence of two diVerentiated populations, separating Skerries from the rest of localities (Online Resource 1).
Discussion
The analysis of E. siliqua samples with a fragment of the 16S rRNA gene digested with six enzymes and Wve RAPD primers allowed identifying 12 composite haplotypes and examining 61 RAPD loci, respectively. Two composite haplotypes, H1 and H5, accounted for most of the individuals and showed a remarkable disjoint distribution. On the contrary, each individual characterized with the RAPD loci displayed a unique pattern, which is not unexpected taking into account the high genetic variation usually detected using RAPD primers and the number of loci examined. The high frequency of H1 and H5, together with their presence in several localities, suggests their older origin and the existence of gene Xow, past or present, between the localities sharing one of the haplotypes. In contrast, the other haplotypes (except H10), were limited to a single locality. This indicates a more recent origin of these haplotypes and in case of isolation could result in private haplotypes characteristic of a speciWc locality. The values of haplotype diversity per locality (0 to 0.484) were similar to those reported for other bivalves for the 16S rRNA mitochondrial gene (Wilding et al. 1997; Saavedra and Pena 2004; Fernández-Moreno et al. 2008 ). However, haplotype diversity is a rough measure of variability that is highly dependent on the number or restriction enzymes employed, the technique chosen and the rate of mutation of the mitochondrial region used. On the other hand, the genetic variability observed for the RAPD markers within samples was higher than that obtained from other marine species (e.g. De Wolf et al. 1998; Ma et al. 2000; Aranishi and Okimoto 2004) . The level of variability observed for each sample was generally correlated in both types of markers. Nevertheless, some striking diVerences were detected, such as Aveiro showing the highest and the lowest values of haplotype and RAPD diversity, respectively, and Fisterra with an intermediate and maximum mitochondrial and RAPD diversity, respectively. The discrepancy between mtDNA and RAPD diversity could be the result of the diVerent nature of these markers. First, RAPDs are less likely to be subjected to selection than mtDNA, since most of the regions targeted probably correspond to nonexpressed DNA. Second, the high mutation rate in RAPDs would result in rapid recovery of RAPD variation from population bottlenecks. Third, the mitochondrial genome acts as a single locus, providing a single estimate, and has an eVective size that is half of nuclear markers being more sensitive to genetic drift.
The diVerences observed for Fisterra might be related to historical Xuctuations in the abundance of E. siliqua. This locality suVered an interruption in extractive activity from 1978 to 1983 (due to low cost-eVectiveness) and an important decrease in the production in the last years of the 20th century (Guerra Díaz and Gabín Sánchez 2008) . In the case of Aveiro, a nonexploited locality, one or more of the factors stated before could have contributed to the observed discrepancy.
The existence of genetic diVerentiation among the samples analyzed in this study is supported by both mitochondrial PCR-RFLPs and RAPD markers. The diVerent analyses suggested absence or low genetic diVerentiation among Spanish and Portuguese localities (except Aveiro), but heterogeneity with the remaining samples. Therefore, these localities might be acting as a single interbreeding population with high levels of gene Xow among them. The Mantel test was signiWcant even when Aveiro locality was included, although the low coeYcients of determination seemed to not support an isolation by distance process, contrasting with the results observed by Fernández-Tajes et al. (2007) , this discrepancy being probably caused by the inclusion of a single Irish locality in that work.
The comparison among Irish localities usually showed higher values of diVerentiation and Aveiro was surprisingly close to those sites. The analyses globally suggested the existence of homogeneity of the Strangford Lough sample with Tyrella but not with Skerries. Strangford Lough is a long, narrow, enclosed sea basin, generally less than 10 m depth, with a narrow tidal outlet to the Irish Sea in its southern end and with extremely strong currents up to 4 m/s. The structure of this lough and an estimated water residence time of 4-28 days (Ferreira et al. 2008) suggest that a certain larval retention might occur. Therefore, even if Skerries and Strangford Lough are relatively near (less than 50 km apart), some restriction to gene Xow might exist.
In the case of Aveiro, only the pairwise F ST values for mitochondrial PCR-RFLPs and PhiPT for RAPD data indicated homogeneity with another locality, Strangford Lough. However, these localities presented a considerable frequency of locality-speciWc mitochondrial haplotypes, suggesting that these samples are in fact highly diVerentiated. The lack of similarity between Aveiro and the remaining samples suggests that this locality may be predominantly self-recruiting.
Several works have suggested the existence of some mechanism that might aVect the larval dispersion in Aveiro (Santos et al. 2004 (Santos et al. , 2007 Peliz et al. 2007 ). Santos et al. (2007) found that the upwelling events could signiWcantly change the distribution of early larval stages of Sardina pilchardus, and Peliz et al. (2007) working with a dispersal model for larvae crab obtained a good Wt between the release of Xoats from Aveiro and a large part of the Xoats retained in the shelf zone near the emission points. In addition, Shanks and Brink (2005) observed that the larvae of the congeneric species E. directus were below the thermocline, being swept onshore during upwelling events. In the Atlantic coast of the Iberian Peninsula, southward winds during summer generate coastal upwelling, and this period overlaps with the spawning season of E. siliqua in Portugal (Gaspar and Monteiro 1998) . Therefore, larval retention might explain the results obtained in the present study, although species-speciWc studies are needed and considerable interannual variation might exist.
To explain the fact that the dominant haplotype is the same in Ireland and Aveiro, and the low genetic diVerentiation obtained with RAPD markers for these localities, some hypotheses can be proposed. Although possible, an independent origin of the genetic composition is unlikely to have occurred. Since nucleotide mutations in mtDNA are usually rare, individuals that share a particular mutation are generally assumed to descend from a common ancestor (Hartl and Clark 1989) and it is highly improbable that the frequencies for the 61 RADP loci reached similar values merely by random changes.
It is possible that the genetic variability observed in this study was already present in ancestral populations. The commonest haplotypes, H1 and H5, might be an antique polymorphism, one of them being removed (for example due to genetic drift) or maintained (if the haplotypes had a selective advantage to particular habitats) in the individuals that originated the populations analysed in this work. The origin and distribution of molecular variation of these populations is expected to have been shaped by the major climatic changes that occurred during the Pleistocene, and speciWcally by the last glacial maximum (approximately 20,000 years ago). The subsequent expansion after the glacial events would have created opportunities for population subdivision, and the succession of multiple founder eVects along the colonizing route from southern Europe could have lead to loss of haplotypes and changes in the frequency of RAPD loci. But again the RAPD markers, given their high mutation rate, should have accumulated more changes in their allelic frequencies.
Finally, the similarity among Aveiro and the Irish localities may be caused by the migration of individuals, with the haplotype H5 and the RAPD frequency composition being originated in one of those regions. The main surface and intermediate currents over the North Atlantic (see Beaugrand et al. 2001 and references therein) suggest that the most probable route of transport of larvae is from the Iberian Peninsula to the east coast of Ireland. Nevertheless, if a continuous genetic exchange existed between Aveiro and Ireland it would probably have also inXuenced the haplotypic and RAPD composition of the neighbor localities, which was not observed in this study. Alternatively, an anthropogenic intervention, for example through the transport of larvae in the ballast water of ships is a feasible process. This was how a closely related species of the same genus, the American jack-knife clam E. directus, was involuntary introduced in Europe (Von Cosel et al. 1982 ). Therefore, and taking into account that the Aveiro harbor has a remarkable activity, the anthropogenic transport of larvae is the most plausible explanation to explain the similarity between Aveiro and the Irish localities.
The present results obtained employing mitochondrial and RAPD markers suggest the existence of a strong population diVerentiation between Irish and Iberian localities (except Aveiro) and absence of gene Xow. This corroborates the growing evidence that signiWcant population structure may exist in marine species, especially those with low or null mobility as adults. Therefore, management plans that take into account the diVerences among localities identiWed in this work are needed to carry out a rational exploitation of these Wshing resources. The unexpected genetic composition of the sword razor shell from Aveiro, which was more similar to the Irish populations than to the other Iberian localities (but that is probably highly diVerentiated), indicates that this population may be predominantly selfrecruiting and that the genetic variability and population diVerentiation in E. siliqua probably has been shaped by human intervention.
